On 21 July 1969, during the first manned lunar mission, Apollo 1 1, the first retroreflector array was placed on the moon, enabling highly accurate measurements of the Earthmoon separation by means of laser ranging. Lunar laser ranging (LLR) turns the Earthmoon system into a laboratory for a broad range of investigations, including astronomy, lunar science, gravitational physics, geodesy, and geodynamics. Contributions from LLR include the three-orders-of-magnitude improvement in accuracy in the lunar ephemeris, a several-orders-of-magnitude improvement in the measurement of the variations in the moon's rotation, and the verification of the principle of equivalence for massive bodies with unprecedented accuracy. Lunar laser ranging analysis has provided measurements of the Earth's precession, the moon's tidal acceleration, and lunar rotational dissipation. These scientific results, current technological developments, and prospects for the future are discussed here.
It has been a quarter of a century since the first manned lunar landing by the Apollo 11 astronauts. Included on that mission and the later Apollo 14 and 15 flights were cornercube retroreflector arrays (Fig. 1A ) that permit accurate laser measurement of the Earthmoon separation. The locations of the three Apollo arrays plus one French-built array still operating on the Soviet roving vehicle Lunakhod 2 (Fig. 1B) provide a favorable geometry for studying the rotations of the moon and for separating these rotations from lunar orbital motion and geodynamic effects (Table 1) . Unlike the other Apollo scientific experiments, these retroreflector arrays require no power and are still operating normally after 25 years. Accounts of the initial planning stages and early days of the experiment are archived in (1) . Lunar laser ranging has proven to be a valuable multidisciplinary tool; results in many areas are summarized and reviewed in (2) (3) (4) (5) (6) (7) .
Data Characteristics and Technology Development
Lunar laser ranging consists of measuring the round-trip travel time and thus the separation between transmitter and reflector. Changes of the round-trip travel time contain a wealth of information about the Earth-moon system. The range data have a rich frequency spectrum due to many effects such as the sun's strong influence on the lunar orbit.
Ranging to the moon is technically challenging. An outgoing pulse of laser light transmitted from a collimating telescope with a beam divergence of 3 to 4 s of arc, consistent with atmospheric seeing, spreads to an area approximately 7 km in diameter on the lunar surface. Backscattering from the lunar surface produces a weak, though marginally detectable, signal with a time width characteristic of local lunar topography. Consequently, range measurements to a given target area can vary by the order of a kilometer, which limits their accuracy and applications.
Retroreflector arrays provide optical points on the moon toward which one can fire a laser pulse and receive back a localized and recognizable signal. Ranging accuracies on the order of a centimeter are immediately possible if one has sufficiently short laser pulse lengths with high power. Today, accuracy on the scale of a few centimeters for normal points [compressed data obtained from returns over periods of 10 to 45 min (8)1 is being obtained routinely.
The design of the Apollo and Lunakhod retroreflector arrays is straightforward. Each corner cube reflects incident light back to its point of origin. The Apollo arrays consist of 100 (Apollo 11 and 14) or 300 (Apollo 15) 3.8-cm-diameter corner cubes mounted in an aluminum panel. The Soviet-French Lunakhod arrays consist of a smaller number (14) of larger, in this case triangularly faced, corner cubes 11 cm on an edge. Although they are subject to thermal distortion during the lunar day because of their greater size, these arrays give approximately the same lunar-night return signal strength as the Apollo arrays.
The arrays intercept only 10-9 of the area of the impinging light beam. The angular spread of the returning pulse is set by diffraction, polarization properties, and irregularities of the arrays's individual corner cubes. In the case of the 3.8-cmdiameter Apollo corner cube, the spread is approximately 10 s of arc. Thus, the diameter of the spot produced on the Earth is approximately 20 km. A 1-m-diameter receiving telescope would collect only 2 x 10-9 of the returning photons. A variety of practical matters, such as quantum efficiency, mirror reflectance, optical performance under thermal stress, and velocity aberration (which slightly shifts the center of the returning beam from the location of the transmitting and receiving telescope), make the product of the transmitting, lunar retroreflecting, and receiving efficiencies considerably less than unity. The overall signal loss of approximately 10-21 puts a premium on the detailed design of ground stations to minimize their losses. Because 3 J of light, the most energy that one can currently (10) . The data can naturally be divided into three time spans, on the basis of their accuracies (Fig. 2) (11) . The present incarnation of the MLRS is constructed around a frequency-doubled, 120-mJ per pulse, 200-ps pulse length (full width at half maximum), neodymium-yttrium-aluminumgamet (Nd-YAG) laser firing 10 times per second. It has an internal calibration system, and the precision of its epoch timing system is approximately 25 ps. This station now produces LLR data approaching 1-cm normalpoint precision (1 1). However, the accuracy is still limited to 2 to 3 cm. In spite of its reduced aperture, which results in fewer data than the 2.7-m telescope could have produced, the shorter laser pulse length has led to a fourfold improvement in the accuracy of the MLRS ranges, providing stronger data than those from the 2.7-m system despite the reduced volume. A number of strategies are being pursued to produce significantly higher volumes of LLR data and further increases in accuracy, including increased station computing, offset guiding and tracking, and improved timing systems.
During the past 8 Although strong lunar returns were often received by the latter station-a station that continues to perform artificial satellite ranging-it has been unable to continue lunar ranging during the past few years due to cutbacks in available support. The Grasse site has a dedicated lunar station equipped with a 1.5-m telescope with both absolute and offset pointing capabilities; a separate artificial satellite ranging facility is located nearby (12) . The station's 10-Hz repetition rate Nd-YAG laser produces 700 mj per pulse at 1.064 mm. The yield on frequency doubling is half of this energy at 0.532 pLm-the rest remains in the infrared (IR) spectrum. The pulse length is 350 ps, giving a transmitted pulse length of approximately 0.1 m. Technological innovations and upgrades at the Grasse station include experimental simultaneous ranging in the green and IR spectra and the use of high-speed and high-quantum efficiency photodiodes (instead of photomultipliers) for detectors. During the past 5 years, this dedicated station has produced the bulk of lunar ranging data, with 2-to 3-cm accuracy. Lunar laser ranging has also been occasionally carried out from (primarily) artificial satellite stations in Australia and Germany and has been proposed at several other stations around the world. Data from a global network of stations (Table 1) are clearly needed for a robust analysis program because the separation of parameters is enhanced by a geographically distributed network of observing sites.
The data set considered here consists of over 8300 normal-point ranges (8) Fig. 3 . The geometry of the Earthmoon system. greatest uncertainties are the mean distance, presently 0.8 m due to correlation with the reflector coordinates in the mean-Earth direction, and the orientation of the orbit plane with respect to the Earth's equator, 1.5 ms of arc or 3 m at the lunar distance. These accuracies are degraded when extrapolated outside the span of observations. A continual supply of high-quality measurements and the accompanying analysis are required to maintain and enhance accuracies. The ephemerides are used for mission planning and spacecraft navigation.
The strong influence of the sun on the lunar orbit permits the range data to be used to determine the mass ratio of the sun/ (Earth + moon) and the relative orientation of the Earth-moon system orbit about the sun. The size of the Earth-moon orbit is set by the gravitational constant times the sum of the Earth's mass and the moon's mass, with the moon's orbit being deformed from a simple Keplerian ellipse by the influence of the sun. The two largest solar perturbations in distance r are 3699 km (monthly) and 2956 km (semimonthly). The few centimeter determination ofthe latter variation corresponds to 10`relative accuracy in the mass ratio (16) . From fits, the mass ratio is found to be Masssun/Mass(Earth+mmoon) = 328900.560 ± 0.002 (2) The solar perturbations allow the relative geocentric positions of the moon and sun to be determined to within 1 ms of arc. The planetary positions are known with respect to the Earth's orbit around the sun, so the geocentric position of the moon and the heliocentric positions of the planets can be made internally consistent in their relative orientation (17). Because the ranging stations are on the spinning Earth, the orientation of the equatorial plane is also determined relative to both the lunar orbit plane and the ecliptic plane of the heliocentric Earth-moon orbit. Thus, LLR is sensitive to the mutual orientation of the planes of the Earth's equator, the lunar orbit, and the ecliptic; hence, it locates the intersection of the ecliptic and equator planes (the dynamical equinox) and determines the angle between them (the obliquity of the ecliptic). the moon about the Earth-moon center of mass to be polarized in the direction of the sun (Fig. 4) . This signature would have the synodic period of 29.53 days and is referred to as the Nordtvedt term. For a violation of the Strong Equivalence Principle, the ratio of the gravitational mass, MG, to inertial mass, MI' depends on the self-energy, UG (23, 24) MG/MI -1 = -qUG/MC2 (3) where c is the speed of light and T is a parameter to be determined. Then the radial perturbation in Equivalence Principle due to composition (24, 26) . This is currently the best test of the Strong Equivalence Principle. Here, the errors are realistic rather than formal (27) , with the uncertainty about a factor of 4 less than previously reported values (28, 29 JULY 1994 sensitive to this effect mainly through any excess precession of perigee beyond that due to the Newtonian effects of the sun, Earth, and other planets (31) . The first observations of geodetic precession, in the late 1980s, agreed with the predictions of General Relativity to within their 2% accuracy (32, 28) . New solutions presented here (Table 2) give a difference of -0.3 + 0.9% from the expected value. The error is partly due to an uncertainty in J2, the primary lunar oblateness term (33) .
Lunar range data also provide a test of a possible change in the gravitational constant (G) with time because of the lunar orbit sensitivity to solar longitude (16) 
Geodynamics
Lunar laser ranging measurements have permitted long-term studies of variations in the Earth's rotation, as well as the determination of constants of precession and nutation, station coordinates and motions, the Earth's gravitational coefficient, and tides accelerating the moon (6, 7). The more than two-decade-long span of LLR data exceeds that available from other space geodetic techniques. Lunar laser ranging has provided information about the exchange of angular momentum between the solid Earth and the atmosphere (38) and was instrumental in the discovery of the near 50-day oscillation in the length of day and its correlation with a similar oscillation in the atmosphere (39) , which has stimulated research in the atmospheric community (40) . Tidally driven periodic terms in Earth rotation have been studied and have been used to determine the response of the Earth (dependent on the Earth's structure and tides) at the fortnightly and monthly periods (41) . The Table 2 ). Within the errors, this value is compatible with the value derived from ranges to artificial Earth satellites (43 (7, 50, 51) , which has been interpreted as being due to a 5% deviation in the flattening of the coremantle boundary from that expected from hydrostatic equilibrium (52) . An analogous discrepancy between theory and observation has been observed in tidal gravity data (53) , with results consistent with this increased flattening of 5%. Joint solutions for precession and nutation have been made using LLR and VLBI data together, which combine the strength of the LLR data for the long time scale with the high resolution of the VLBI data for shorter periods (54) .
Lunar Science
The analysis of the LLR data provides a wealth of information concerning the dy- , and the second-and third-degree gravitational harmonics are determined with high accuracy (see Table 2 ). The coordinates for the lunar reflectors and the ALSEP radio transmitters serve as fundamental control points for lunar cartography (55 (63) and Nakamura (60) deduced similar seismic velocity profiles in the upper mantle and strikingly different profiles in the middle mantle and provided essentially no constraints below -1000 km in depth. This lack of constraints is partially due to the front-side cluster of seismic stations, the sparsity of detectable far-side impacts, and the -1000-km maximum depth of deepfocus moonquakes. If we simply extend the observed S-and P-wave velocities down to a nominal 350-km-radius core, we obtain the following model values for k2: 0.0245 (63) and 0.0215 (60) . Figure 6 shows k2 deduced from the Goins et al. (63) and Nakamura (60) models from different S-wave velocities (V5) below 1000 km in depth (note that the lunar radius is 1738 km) and lunar core sizes of radius 300 and 400 km, respectively. The 400-km core radius corresponds to the largest possible lunar core consistent with moment of inertia and magnetic constraints. The core size, within the limits considered, has only a small effect on k2 (64 is Nakamura's S-wave profile. Also partial melt zone may face serious ical objections. An alternative explanation for parent large k2 value is the presei small core-boundary ellipticity ec c)/a that can partially mimic the k2 signature, as can be seen from Eq observed k2 of 0.0302 (with x = 0 reduced to a value of 0.024 by the; of a core radius of 350 km and ellipticity, a -c, of 0.0004a, or Separation of the k2 value from ellipticity effects depends on the d of other periodic terms that are Therefore, a solution to this pro] quires improvement in range accui
If the moon were a perfectly rig the mean direction of its spin ax precess with the orbit plane. The lu data show that the true spin axi moon is displaced from this expect tion by 0.26 arcsec (Fig. 7) . 1 dissipative terms proportional to, Eq. 7 are due to solid and fluid dis.
We can account for the observi arcsec offset deduced from the lun by adopting either of the following 0.001136 ± 0.000016 [or Q = 26 ( The direct separation of the c( dissipative terms is difficult. The la ferential signature arises in the lu acceleration, and separation here re independent estimate of i due to E, friction. The contribution of solid f , a large the moon to the secular A is 0.4 arcsec per theoret-century2 (66), while that due to core surface, fluid friction is about a factor of 3 the ap-smaller. In principle, the difference in h nce of a could be detected by comparing the total h = (a -measured by LLR with A predicted from libration artificial satellite measurements of ocean 7. The tides (48) . Unfortunately, the present detercan be minations
are not yet precise enough to adoption discriminate between these two alternatives. 1 a core It also is worthwhile to mention the 140 m. observation of an apparent free libration of the core the moon. Separate from librations driven Detection by the time-varying torques of the Earth and smaller. sun (the forced physical librations), three blem re-modes of free libration exist. One of these racy.
rotational modes is analogous to the Earth's )id body, Chandler wobble (but with a 74-year periis would od), another is an oscillation of the pole inar laser direction in space (in addition to the uniis of the form precession), and the last is a 2.9-year ed direc-oscillation in rotation speed (longitude (69) . A plausible explanation appears to be core boundary effects, similar to those that are believed to account for the decade-scale fluctuations in the Earth's rotation (48) .
Future Prospects tive to the The past quarter century has been a producthe same tive period for LLR, including several landhe ecliptic mark results such as the verification of the Strong Equivalence Principle with unprecedented accuracy, orders-of-magnitude improvements in the determination of the lunar rotation (physical librations), the indication of a probable liquid lunar core, and the accurate determination of the lunar tidal acceleration and the Earth's precession. Lunar laser ranging is the only working experiment that continues the Apollo legacy, and because of its passive nature, it can continue as long as proper groundbased ranging stations are maintained.
Over the lifetime of the LLR experiment, the range accuracy has improved by an order of magnitude from 25-cm uncertainty in the early 1970s to today's 2-to 3-cm ranges. The precision on some days reaches 1 cm, but the calibration accuracy for the timing systems is not yet this good. The accuracy limitation due to the atmosphere appears likely to be only about 2 mm at a 450 elevation angle (70).
For the immediate future, we have under way the implementation of dramatically increased station computing power, offset guiding capability, and hands-off auto guiding. The benefits from the above applications will not only be an increased number of normal points spread over significantly more of the lunar phase but also a significantly increased number of photons within a given normal point. The more extended and denser lunar phase coverage means greater sensitivity to many of the lunar solution parameters. The increased number of photons per normal point will provide better operational precision and perhaps aid in improving the accuracy.
Farther down the road, we foresee the availability of more precise and more efficient photon detectors, such as micro-channel plates, significantly improved timing systems, and shorter pulse, more powerful lasers. These will provide higher accuracy, additional sensitivity to lunar parameter signatures, and a further increase in the lunar data density. On the more distant horizon, lunar missions have been proposed that could place microwave or optical transponders (71) at widely separated lunar sites.
These devices would permit differential measurements with up to two orders of magnitude improvement in accuracy.
The expected increased data density and improved accuracy in the future will permit greater understanding of the Earth, the moon, and the Earth-moon system, answering old questions and revealing new phenomena to be explored. Advances in ephemeris development will continue, and improved tests of gravitational physics and relativity are expected. The first term is the mean distance, the second results from the eccentricity of the orbit, and the third and fourth are solar perturbations. The lunar mean anomaly is e, and D is the mean elongation of the moon from the sun. Determination of the mean distance and the lunar period of the second term would give gravitational mass of the Earthmoon system or its mass ratio with the sun, but the coordinate of the retroreflectors in the Earth's mean direction mimics the mean distance. The amplitude of the fourth term depends on the mean distance and the monthly and annual orbital periods. The period of D in the third and fourth terms depends on the annual period. Consequently, the mass ratio and gravitational mass can be determined from the amplitude of the fourth term and the periods of the last three terms. In this article, analytical equations like the above are used for discussions; the actual analysis uses numerical partial derivatives. 17. J. G. Williams 
